Picoplankton bacteria from a North Sea water sample were cultured under a variety of different conditions (nutrients, temperature, light, agitation, adhesion). Fluorescent in situ hybridization (FISH) analysis of the enrichments showed complex communities which were dominated by Q-Proteobacteria or L-Proteobacteria, followed by K-Proteobacteria and bacteria from the Cytophaga/Flavobacterium/ Bacteroides (CFB) cluster. Among 410 isolates, a high degree of diversity was found, both with respect to colony color and morphology and with respect to genetic diversity. Isolated bacteria were classified into the main taxa by a special PCR approach, termed signature PCR (SIG-PCR). It was based on an oligo primer mixture targeting 16S rDNA which yielded PCR products of taxon-specific lengths. Again, Q-Proteobacteria dominated (48%), followed by K-Proteobacteria (20%). L-Proteobacteria were rarely isolated (eight strains of 410). The CFB cluster comprised the second largest phylum (14%), and 7.5% of all isolates belonged to the high-GC Gram-positives. Thus, isolated bacteria were representative of enrichment communities with the exception of the L-Proteobacteria, which were detected in high abundance in certain enrichments by FISH but not isolated, and the high-GC Gram-positives, which were cultivated but not detected by FISH. A genomic fingerprinting technique, randomly amplified polymorphic DNA, showed that among 58 CFB isolates only 18 identical genotypes were found, and among the 84 K-Proteobacteria only eight identical genotypes were present. The data show the enormous diversity of cultivated bacteria from picoplankton enrichment cultures of one North Sea water sample, which is only a small fraction of the total picoplankton community. ß
Introduction
Planktonic marine bacterial communities can be divided into two major types: the marine snow with complex and highly active attached microbial communities, and the free-living picoplankton bacteria which are small in size but extremely abundant on a global scale due to the large volume of the oceans [1] . Only a fraction (less than 1%) of DAPI-stainable picoplankton bacteria can be cultivated on standard microbiological media [2, 3] . Consequently, cultivation-independent approaches have been applied to investigate these communities. Clone libraries of PCR-ampli¢ed 16S rDNA gene sequences [1,4^6] have revealed novel sequence types which were distributed globally within the oceans [7] and belonged to uncultured members of the Q-and K-subclasses of the Proteobacteria (e.g. SAR11 cluster) [8] . Obviously, culturing of the most abundant picoplankton bacteria is required for analyses of their physiology and for determining their ecological roles within the global biogeochemical cycles.
However, new attempts to cultivate a broad diversity of marine bacteria are lacking. Most work has focused on isolating bacteria at low carbon concentrations. By applying a dilution culture technique, Button et al. [9] isolated several extremely oligocarbophilic marine strains, which could however never be shown to be numerically abundant in natural picoplankton communities. Using dilute media, Gonzalez et al. [10, 11] were able to cultivate K-Proteobacteria from the Roseobacter group which are abundant in coastal environments, as determined by 16S rDNA clone libraries and hybridization studies with total community DNA. Currently, hypotheses about their geochemical roles are emerging based on investigations of pure cultures and the analysis of marine communities [12] . But carbon source concentration is not the only parameter character-izing the ecological niches occupied by planktonic bacteria, even in the apparently homogeneous environment of the open ocean. The composition of available nutrients, the presence of toxicants, and physical and chemical parameters like temperature, light regime, water £ow, and the presence or absence of surfaces for bio¢lm formation can be assumed to be of importance. In order to cultivate a large fraction of the microbial diversity in North Sea picoplankton, we therefore stimulated the growth of the microbial community under a broad spectrum of conditions. Enrichments were set up using 12 nutrient mixtures, each incubated in 12 ways with respect to temperature (4³C or 22³C), agitation (with/without), illumination (in the light or in the dark), and adhesion (with or without glass beads), resulting in 144 di¡erent enrichments. From those enrichments showing visible growth, bacteria were isolated and screened for phylogenetic a¤liation by means of a newly developed 16S rDNA-targeted PCR approach, followed by screening of diversity at the strain level using a genomic ¢ngerprint technique.
To determine if the isolated bacteria were representative of the enrichment communities, we investigated the community composition by FISH (£uorescent in situ hybridization) and compared it with the phylogenetic a¤liation of the isolates. It is usually assumed that those bacteria which are responsible for visible growth can also be isolated, but if enrichments are studied by culture-independent methods, discrepancies between cultivated and total microorganisms may be detected similar to those in unenriched microbial communities. For example, Chang et al. [13] studied highly active marine consortia enriched in hydrocarbons and found that they were dominated by uncultivated K-Proteobacteria. McCaig et al. [14] showed the presence of uncultured lineages of marine ammonia oxidizers in marine seawater enrichment cultures. Isolation of bacteria from enrichments under anaerobic ferrous ironoxidizing, nitrate-reducing conditions retrieved less than 0.2% of the ferrous iron-oxidizing, nitrate-reducing community, as demonstrated by comparison to DGGE results [15] . A closer look at the complex population shifts occurring during enrichments is needed to reveal some of the mechanisms underlying the low plating e¤ciency of marine bacteria [16] . In our experiments, the FISH analysis of the enrichment communities was used to detect phylogenetic groups which may have been stimulated to grow but were not necessarily dominant and are di¤cult to cultivate, e.g. Planctomycetes.
Enrichments are known to select for the fastest-growing organisms. Especially if subculturing is performed several times, only very few strains can be isolated which are not representative of the source community, as shown for phenol-acclimatized activated sludge [17] . We did not perform subculturing, but rather stimulated the growth of the bacteria present in the marine picoplankton sample. However, a small group of fast-growing organisms could have dominated all of our enrichments, resulting in a very low phylogenetic diversity of the isolated strains. We therefore used a genomic ¢ngerprint technique based on PCR with arbitrary primers to determine the genetic diversity of the isolated bacteria for selected phylogenetic groups, e.g. the K-subclass of the Proteobacteria and the Cytophaga/Flavobacterium/Bacteroides (CFB) cluster. Thus, multiple isolates would have been detected by identical genomic ¢ngerprints.
It was the aim of this study to isolate a broad diversity of picoplankton bacteria by stimulating growth under a large spectrum of incubation conditions. FISH was used to detect possible bias between cultivated bacteria and enriched communities. The phylogenetic a¤liation and strain diversity of the isolates were determined using molecular methods.
Materials and methods

Sampling
A water sample (30 l) was collected using a Ruttner sampler at a depth of 10 m in the`Tiefe Rinne' ca. 2 km o¡shore the island of Helgoland, Germany (54³08PN and 7³52PE). The sample was immediately ¢ltered through a nylon mesh ¢lter (pore size 5 Wm). The ¢ltered water was stored at 4³C in the dark for 1 year.
Enrichment cultures
Aliquots of 20 ml of a ¢ltered North Sea water sample ( 6 5 Wm) were amended with the 12 media described below. Media components were purchased from Difco Laboratories, USA and Sigma, Germany. (1) 31 to all enrichments to prevent fungal growth. Ampicillin (0.02 g l 31 ) (Sigma, Germany) was added to enrichments 1, 2, 4, 5, and 6 to favor growth of Planctomycetes. Enrichments were incubated at 4³C or 22³C, in the light or in the dark, with or without agitation, and with or without glass beads (acid-washed, autoclaved beads, diameter 1^2 mm) for adhesion (Table 3 ) from 2 days to several weeks.
Isolation of bacteria
A 100-Wl sample of the enrichment culture was serially diluted in autoclaved North Sea water that was ¢lter-sterilized (cellulose nitrate ¢lters, pore size 0.22 Wm, Sartorius AG, Go « ttingen, Germany). Dilutions were plated on solid agar media with ingredients identical to the enrichments. For the preparation of solid media, media components and 1.5% agar were added to ¢ltered North Sea water and sterilized by autoclaving (20 min at 120³C, 1 bar). Antibiotics and HgCl 2 were added after autoclaving. Plates were incubated at room temperature and in the light for several days. Colonies of di¡erent color and morphology were picked and subcultured.
Preparation of the samples for FISH
A de¢ned volume (1^2 ml) of the enrichment culture was mixed with three volumes of freshly prepared 4% paraformaldehyde in autoclaved sea water for ¢xation. After 3^4 h the samples were centrifuged (5 min at 5000Ug), the paraformaldehyde was discarded and replaced by the same volume of autoclaved sea water. The samples were washed (15 min at 5000Ug) with autoclaved sea water and stored in 50% v/v ethanol/autoclaved sea water at 320³C as described [20] . One or two microliters of the enrichment culture were distributed on gelatinized Te£on-coated slides (P. Marienfeld GmbH and Co. KG, Bad Mergentheim, Germany) and dried for 20^30 min at 37³C. The dehydration was performed in an ethanol series of increasing concentration (50%, 80%, 96%) as described [20] .
Probes and stringency conditions
In Table 1 the details of the probe sequences and the stringency conditions used for each probe are given. For the probes ALF1b, BET42a, GAM42a, and HGC69a, non-£uorescent competitor probes were added in equal amounts to increase the speci¢city of hybridization. Fluorescent oligonucleotides were purchased from TIB MOL-BIOL (Berlin, Germany). The 5P end of all probes was labeled with the indocarbocyanine dye CY3, except for competitor probes.
Whole cell hybridization and DAPI staining
FISH was performed as described [20^22] . The hybridization bu¡er contained 0.9 M NaCl, 20 mM Tris^HCl (pH 7.2), 0.001% sodium dodecyl sulfate (SDS) and the formamide concentrations given in Table 1 . The DNAspeci¢c dye DAPI (4P,6P-diamino-2-phenylindole) [20] was applied for counting the total cell number in the samples. A 10-Wl aliquot of a 5.5-Wg ml 31 DAPI solution was distributed on each hybridization well. After 2 min the DAPI dye was carefully removed with 50 ml MilliQ water. The slides were air-dried, the wells ¢lled with Citi£uor AF1 to protect against bleaching, covered with a large coverslip (24U50 mm) and sealed with nail polish.
Microscopy and counting
For examination of hybridized and DAPI-stained samples an epi£uorescence microscope was used (Axioplan; Zeiss, Oberkochen, Germany) equipped with a Plan-Neo£uor objective (magni¢cation 100U). Excitation was carried out with a 50-W high-pressure mercury bulb (Osram) and ¢lter sets for DAPI (¢lter set 01: BP 365/12-FT 395-LP 397; Zeiss, Germany) and for Cy3 (¢lter set 41007aHQ: BP 545/30-FT 565-LP 610/75 ; AHF Analysentechnik, Tu « bingen, Germany). For each probe two replicate enrichment samples were counted. In each sample 16^20 randomly chosen microscopic ¢elds were counted per well using a counting grid. The data of the two parallel counts of the replicate samples were averaged and the standard deviation was determined. For each probe up to 150 hybridized cells and for each hybridization up to 3000 DAPI-stained cells were counted.
Template DNA for PCR
A single colony, approximately 2 mm in diameter, was picked, suspended in deionized tap water and boiled for 15 min at 95³C. A 1-Wl sample of the supernatant was used as template DNA in the PCR.
Signature PCR (SIG-PCR)
An oligo primer mixture of nine primers (Table 2) was used for the signature PCR. The mixture was tested on representative freshwater clones (I. Bru « mmer, unpublished data), marine isolates, and soil bacteria (A. Felske, unpublished data). In a ¢nal volume of 10 Wl, the reaction mixture contained: 1.0 Wl template DNA, 3 mM MgCl 2 , 20 mM Tris^HCl at pH 8.4, 50 mM KCl, 0.5 mM dNTPs, 0.1 WM Primer mix with the described primers (each in a concentration of 10 WM l 31 ) and 5 U Wl 31 Taq-DNA polymerase (Gibco BRL, Vilnius, Lithuania).
PCR ampli¢cation
The SIG-PCR was performed in microtiter plates in a thermocycler (Eppendorf Mastercycler gradient, Germany). The PCR reaction started with pre-denaturation at 94³C for 1 min followed by 30 cycles of denaturation at 94³C for 10 s, annealing Touch Down (decreasing temperature by 0.2³C in each cycle) from 59³C to 53³C for 20 s every cycle, elongation (extension) at 68³C for 1 min and post-elongation at 68³C for 3 min. After 30 cycles, PCR products were analyzed by electrophoresis in 2% (w/v) agarose gels. Appropriate negative controls without bacterial DNA and positive controls with representative strains were included.
Randomly ampli¢ed polymorphic DNA (RAPD)
The primers used for RAPD are shown in Table 2 . In a ¢nal volume of 15 Wl, the reaction mixture contained: 1 Wl template DNA, 8.65 Wl bidistilled water, 3 mM MgCl 2 , 20 mM Tris^HCl at pH 8.4, 50 mM KCl, 0.75 Wl dimethylsulfoxide (99.5% w/v, Fluka, Germany), 0.5 mM dNTPs, 0.45 Wl Forward Primer DAF4 (10 WM), 10 Wl RAPDPrimer mix (each in a concentration of 10 WM) and 5 U Taq-DNA polymerase. The RAPD was performed in a thermocycler (Eppendorf Mastercycler gradient). The PCR temperature parameters were as follows : pre-denaturation at 94³C for 1 min for one cycle, followed by 50 cycles of denaturation at 94³C for 10 s, annealing at 45³C for 20 s, elongation at 68³C for 1 min; ¢nally, post-elongation was carried out at 68³C for 2 min. PCR products were analyzed by electrophoresis in 2% (w/v) agarose gels. Appropriate negative controls without bacterial DNA and positive controls with representative strains were included. Gels were stained with ethidium bromide and photographed using standard procedures. Fingerprints were compared visually.
Results and discussion
Enrichment cultures
A broad diversity of culture conditions was applied to obtain a high diversity of isolates. Of 144 enrichment setups, 68 showed visible growth ( Table 3 ). The highest num- bers of di¡erent isolates based on colony morphology were obtained in enrichments without agitation, both at room temperature and at 4³C, in the light and in the dark (a total of 334 strains). The presence of glass beads for adhesion did not yield very high numbers of di¡erent isolates (76 strains). Even under conditions with agitation but without glass beads a higher total number of di¡erent colonies (77 strains) were found than under conditions with agitation and beads (65 strains). Probably shearing prevented the development of bio¢lms or £ocs.
Signature PCR
The primers used for SIG-PCR (Table 2) were designed to rapidly screen isolates for their phylogenetic a¤liation. They were obtained by sequence comparisons using a database of 17 000 16S rDNA sequences, both from uncultivated bacteria and from cloned 16S rDNA sequences, and the ARB software package (http://www.arb.de.vu). Fig. 1 shows the lengths of the 16S rDNA fragments obtained from representatives of the respective groups. Thus, Proteobacteria from the K-, L-and Q-subclasses could be clearly di¡erentiated from each other, from high-GC Gram-positives and bacteria of the Cytophaga cluster. The marine phototrophic K-Proteobacteria, i.e. bacteria belonging to the Roseobacter and Erythrobacter clusters, constitute an important group within the K-Proteobacteria, being both abundant in marine habitats and easily culturable [10^12,23] . Therefore, an additional primer was used which diagnosed these marine phototrophic K-Proteobacteria. In addition, a primer for the detection of Planctomycetes was present in the primer mixture.
Phylogenetic a¤liation of isolated bacteria
The primer mixture assigned the 410 isolates to the following groups: the Q-Proteobacteria constituted the predominant group (48%), followed by K-Proteobacteria (20%). Of these, the majority (93%) belonged to the marine phototrophic K-Proteobacteria. The CFB cluster scored 14% of the total number, the Gram-positives with a high GC content 7.5%, and L-Proteobacteria were the smallest fraction with only eight strains. Planctomycetes were not detected. The number and diversity of the isolates depended strongly on the media used for enrichment and cultivation (Fig. 2) . Higher numbers of di¡erent colonies and larger phylogenetic diversity were isolated from heterotrophic complex media like M13, M172, Peptone and Hg. The Hg medium was a complex medium containing peptone, yeast extract, and mercury to select for mercury-resistant microorganisms. Mercury was chosen since it is a globally distributed toxicant. By contrast, on media containing only one carbon source (glucose, low yeast, cellulose, chitin, M1, biphenyl) or on media for chemoautotrophic growth (NO 3 , NO 2 ), low numbers of morphologically different isolates were obtained which were almost exclusively members of the Q-Proteobacteria. Only rarely some representatives of the K-and L-Proteobacteria and the CFB cluster were isolated on these media.
Community structure of enrichments
For the two most diverse enrichment cultures, namely M13 and M172, the community structure was determined by cultivation-independent quantitative FISH analysis and compared to the phylogenetic a¤liation of the isolated bacteria (Fig. 3) . In enrichments with medium M13, 90% of DAPI-stained cells hybridized with the general bacterial probe EUB338, and in enrichments with medium M172, this number was 91%. This high percentage of cells which could be stained by the eubacterial probe probably re£ected the metabolic active state of the bacteria that had grown after carbon source amendment. By contrast, lower staining e¤ciencies of approximately 50% are usually observed for whole-cell in situ hybridization with rRNA-targeted probes in non-enriched picoplankton communities [24] . Planctomycetes are not detected by the general bacterial probe EUB338 [25] . Therefore their abundance in M13 and M172 enrichments had to be below 10% based on the high counts obtained for EUB338. Using the Planctomycetes-speci¢c probe PLA46, no signals were found.
The FISH data of the enriched picoplankton communities on M13 and M172 media showed that the relative proportions of isolated K-and Q-Proteobacteria were similar to their abundance in the enrichments (Fig. 3) . By contrast, L-Proteobacteria were shown by FISH to have an abundance of 46% in enrichments on M172 medium, but represented only 1.3% of the isolated bacteria from these enrichments. This bias could in principle be due to the fact that the L-Proteobacteria present did not grow on the M172 medium used. However, since colonies were picked on the basis of di¡erences in morphology, the LProteobacteria might have yielded only very few types of di¡erent colony morphologies, which occurred in high numbers.
The reverse bias occurred for the CFB cluster. Here, a large number of isolates (35%) were obtained compared to 5.5% of counted £uorescently labeled cells, since many representatives of the CFB phylum produced brightly col- ored colonies. The Planctomycetes were neither counted by FISH nor cultivated, although the M13 medium was originally developed for isolation of Planctomycetes [26] . They may have been lost during ¢ltration of the sample, being relatively large bacteria which are often found attached to the surfaces of other organisms [19, 27] .
In this study we found, besides the predominant group of the Q-Proteobacteria, two additional culturable groups of marine bacteria, namely the CFB and K-Proteobacteria. The high culturability of the Q-Proteobacteria (48%) is due to their ability to grow quickly on a wide range of carbon sources of di¡erent concentrations, which often makes them dominant on rich media [16] . K-Proteobacteria have been found to be important members in marine picoplankton clone libraries [1,3^7,28,29] . Especially the marine K-Proteobacteria group, namely aerobic phototrophic K-Proteobacteria from the Roseobacter and Rhodobacter clusters [10^12, 23, 30] , have been shown to have high abundances in coastal marine habitats and to be at the same time easily culturable. Therefore the signature PCR primer mixture contained a special primer for this group. The data showed that 78 out of 84 isolates classi¢ed as KProteobacteria could be assigned to the marine phototrophic K-Proteobacteria. The results of the FISH analysis also indicated a high abundance of K-Proteobacteria in the enriched marine picoplankton communities on M13 and M172 media (Fig. 3) , thus con¢rming earlier observations that these bacteria are both dominant and can be readily cultivated on heterotrophic media. Although DeLong et al. [1] postulated that K-Proteobacteria build an abundant group of free-living bacterioplankton and that CFB and Q-Proteobacteria are more abundant in macroaggregates (marine snow), they can occur in picoplankton after destroying the aggregates during ¢ltration of the seawater. The bacteria belonging to the CFB phylum could be detected by FISH in enriched picoplankton communities in similar amounts as found by Glo « ckner et al. [24] and resulted in a total number of 58 isolates.
Diversity of cultured picoplankton bacteria
After classi¢cation of the isolates into the major taxa by SIG-PCR, the diversity of isolates from the CFB cluster and the K-Proteobacteria was investigated by a genomic ¢ngerprinting technique, RAPD. With this method, genetic heterogeneity at the strain level can be detected [31^33]. The mixture of ¢ve random primers [34, 35] yielded ¢nger-prints of up to 12 bands between 2000 and 100 bp for the marine isolates. Banding patterns were reproducible if colonies of the same age were picked from the same medium. Therefore, colonies of the same age were picked and ¢n-gerprints were compared on the same medium. In Fig. 4 genomic ¢ngerprints of 36 K-Proteobacteria isolates on medium M172 (lanes 2^32, 36) and on mercury-containing complex medium (lane 33^35) are presented. Only four of the bands (lanes 11 and 12, lanes 33 and 34) showed identical patterns. Thus, there were 32 di¡erent K-Proteobacteria strains present. Altogether, among the K-Proteobacteria group, there were 76 di¡erent strains present, only about 9.5% (eight of 84 isolates) of the strains were multiple isolates. In the CFB cluster, there were 40 di¡erent strains present, 31% (18 of 58 isolates) of the strains were multiple isolates.
The data show that a large diversity of bacteria can be enriched from a North Sea picoplankton sample, using a range of incubation and nutrient amendment conditions. The isolates belonged to the Q-Proteobacteria (48%), K-Proteobacteria (20.3%), the CFB phylum (14%), and the high-GC Gram-positives (7.5%). These groups have also been found in a study of a marine water sample, both by cultivation on marine R2A medium without prior enrichment and by cloning of the 16S rDNA gene [3] . Little overlap was detected between the cellular clones and the gene clones, with the exception of some K-Proteobacterial and Q-Proteobacterial isolates, whose closest relatives were environmental clones. However, a limited number of clone types (e.g. SAR86, SAR83, SAR11, SAR116) have been frequently found in samples from different oceans, seasons, and depths, indicating a worldwide distribution of the most abundant marine picoplankton bacteria [7, 36, 37] . Here, we found very few multiple isolates within the K-Proteobacteria and the CFB phylum. This suggests that the set of 410 strains analyzed in this study re£ected only a fraction of the bacterial diversity present in the picoplankton samples from which the enrichments were started.
The abundance of the isolated strains in the source community remains to be determined by a comparison with 16S rDNA clone libraries and in situ counts. However, results from other studies [3, 38] showed that abundant marine bacteria are very rarely isolated. Thus, most of our isolates may be assumed to represent bacteria that were present at low abundance in the picoplankton sample and could be stimulated to grow under the chosen conditions. Thus, with respect to abundance, we isolated the tip of the iceberg of the picoplankton community. The picture of picoplankton community structure that emerges from this study of the cultivated bacteria shows a large diversity of strains from di¡erent phyla and thus complements the picture derived from 16S rDNA clone libraries, which show bacterioplankton communities dominated by very few phylotypes which appear to be distributed globally [7, 39] . The large diversity of the cultivated picoplankton isolates screened in this study may be expected to house numerous phylogenetically and physiologically interesting microorganisms for future investigations. 
